Abstract: Low carbon high manganese steels with different Ce contents were melted in medium frequency vacuum induction furnace. The microstructures and mechanical properties of steels were studied by OM, SEM, EDS and mechanical property testing. The results showed that the microstructures of experimental steels were refined remarkably, inclusions distributed more finely and uniformly, the tensile strength and impact toughness of tested steels both improved greatly after the addition of Ce. Thermodynamic calculation results demonstrated that Ce contained inclusions were Ce 2 O 3 and Ce 3 S 4 , which agreed well with the results observed by SEM and EDS. By analysis of two-dimensional lattice disregistry, it was shown that the lattice misfit parameter between δ-Fe and Ce 2 O 3 , Ce 3 S 4 are less than 6 %, which indicated that Ce 2 O 3 and Ce 3 S 4 could effectively act as the heterogeneous nuclei of initial δ-Fe. Therefore, the microstructures were refined significantly and the mechanical properties were improved correspondingly in Ce-added low carbon high manganese steels.
Introduction
Low carbon high manganese steels with high strength, good low-temperature toughness, and excellent weldability combination are widely used for shipbuilding, engineering components, bridge and offshore platform applications [1] [2] [3] . Thermo-mechanical control processing (TMCP) and alloying are the most common methods to obtain required mechanical properties of low carbon high manganese steels. A finer microstructure can be achieved by means of controlled rolling and controlled cooling in the low carbon high manganese steel. And microalloy additions are used to retain high strength properties through grain refinement and precipitation strengthening [4] [5] [6] . Nevertheless, TMCP will increase production procedure and energy consumption. The alloying will increase the cost of steelmaking, sometimes the formation of alloy carbides are detrimental to mechanical property of steels, especially to the impact toughness [7] .
It is well known that rare earth (RE) have a beneficial effect on refinement in solidification microstructures and improvement in mechanical properties, weldability, fatigue resistance, corrosion resistance and resistance to hydrogen damage [8] [9] [10] [11] [12] . Nuri et al. studied the effect of RE additions on the solidification microstructures of ingots and continuous cast slabs, and confirmed that RE contained inclusions, which have high nucleation potency, could decrease the supercooling and refine the solidification microstructure [8] . Lan et al. also studied the effect of RE on the microstructure and impact toughness of cast steel, and demonstrated that RE inclusions in the cast steel acted as heterogeneous nuclei, weakened segregation of alloying elements and improved the impact toughness [9] . With an aim to analyze the effect of Ce on the solidification microstructures and the mechanical properties of low carbon high manganese steels, four different contents of Ce were used in our work. The manner in which Ce affects microstructures and mechanical properties has been investigated in relation to modification of inclusions.
Experimental procedures
The industrial pure iron and some other alloying elements were melted in medium frequency vacuum induction furnace at 800 Pa in an Ar atmosphere. After fully deoxidizing the molten steel by infusing Al, the resulting molten steel was further modified by Ce. Molten steels were poured into the sand mold at 1,853 K to produce Keel blocks. These Keel blocks were reheated at 1,473 K for half an hour in a heating furnace, then an air forging hammer was used to forge them into wire rods with a diameter of 15 mm. The final forging temperature was 1,073 K, after which the wire rods were air-cooled to room temperature.
The chemical compositions of steel samples are given in Table 1 . For metallographic observations, different steel samples were grounded, mechanically polished and etched with 4 % nital solution. Microstructures were observed with OM. Inclusions in each sample were counted within a specific area (1.0 × 1.0 mm 2 ) observed by SEM to obtain a clear size and number distribution. More specifically, the size of each particle was defined as the average radius of inclusions in the area. The composition of typical particles was analyzed by EDS. The tensile tests were conducted on a universal material testing machine according to Chinese Criterion (GB/T228-2002). The size of specimen was φ12 mm × 100 mm. Impact tests on standard Charpy V-notch samples of 10 mm × 10 mm × 55 mm were performed at room temperature with a JB-30B impact test machine in accordance with the Chinese Criterion (GB/T229-2007). The impact fracture surfaces were observed by SEM and fracture behavior of experimental steels containing different contents of Ce was compared. The tensile strength and toughness values were the average of three specimens.
Experimental results

Chemistries and inclusions
It can be seen from Table 1 that the sulfur and oxygen contents decrease significantly with increasing contents of Ce. With the Ce content reaching up to 25 ppm, the sulfur and oxygen contents are reduced by 54.29 % and 62.16 %, respectively. In contrast, the contents of all other elements are almost constant.
The characteristics of particles are given in Table 2 , where total number of particles per unit area, N A , average particle diameter in cross section, d, and area fraction of particles, f A , are summarized. As can be clearly seen from 
Microstructural analysis
The microstructures of low carbon high manganese steels with different Ce contents consist of ferrite and pearlite as shown in Figure 1 . The morphology of lamellar pearlite is shown in Figure 2 . Image-Pro Plus software was employed in order to estimate the ferrite grain size and pearlite lamella spacing. The results, as shown in Figure 3 , indicate that the addition of Ce significantly decreases the ferrite grain size and pearlite lamella spacing. It is noteworthy that this result is different from the trend in Table 2 where the number of fine inclusions increases with increasing Ce content. This implies that these fine inclusions may influence the microstructure. 
Mechanical properties
Tensile properties of tested steels are listed in Table 3 along with their impact properties. It is shown that both strength and room temperature impact toughness are improved with increasing Ce content. With increasing Ce content from 0 to 25 ppm, tensile strength (TS) changed from 352 to 425 MPa, yield strength (YS) changed from 218 to 315 MPa, elongation (EL) changed from 22.5 to 33.0 %, and yield ratio (YR) changed from 61.9 to 74.1 %. The impact absorbed energy of experimental steels increased from 82 to 167 J, indicating that the impact toughness was significantly improved with an increased Ce content. These results are contrary to the trend of decreasing ferrite grain size and pearlite lamella spacing with increasing Ce level, suggesting that the mechanical properties can be significantly ameliorated by controlling microstructures.
Analysis and discussion
The mechanism of inclusions evolution
The typical inclusions are mainly aluminum oxide inclusion and sulfide inclusion in low carbon high manganese steel. It is well documented that Al 2 O 3 particles will form in the melt before solidification and MnS particles precipitate during solidification. In the present work thermodynamic calculations were carried out in order to explain the modification of inclusions in the steel. Thermodynamic behavior of Al-Ce-O-S system governing the formation of duplex Ce inclusions in liquid steel can be described by considering the following sets of chemical reactions [13] .
These equations can be expressed by
where [Ce] and [F] are the dissolved concentration of Ce and impurity elements, respectively, in the molten steel. Ce x F y is Ce contained inclusion, the activity of which should be unity in this paper. ΔG 0 is the standard Gibbs energy of formation of Ce inclusion, the values of ΔG 0 for eqs (1) to (7) are given in Table 4 [14] .
In order to investigate whether Ce inclusions can form before presolidified phase of experimental steels, the free Gibbs energy of formation of Ce inclusions (ΔG) at 1,873 K was calculated.
where a %i , f i , [%i] , and e j i are the 1 mass% activity, 1 mass% activity coefficient, the concentration of i in mass%, and Table 4 : Standard Gibbs energy of formation of Ce inclusion. The results in Table 7 show that the calculated values of ΔG for reactions (1) to (6) except (3) are minus, suggesting that all the inclusions except CeS are able to form in the molten steel at 1,873 K. In view of the fact that actual reactions are very complex, mutual transformation between different Ce inclusions should be taken into account to determine the final type of inclusions formed in the steel. Thermodynamic calculations for mutual transformation between different Ce inclusions can be expressed by the following expressions:
Formula of Reactions
The calculated values of ΔG for eqs (12) and (14) The photomicrographs of typical particles with different morphology are given in Figure 4 , which are in accordance with the thermodynamic calculated results. As can be seen, main inclusions in the non-Ce treated steel are Al 2 O 3 and elongated MnS. After addition of Ce in the molten steel, those inclusions were replaced by spherical rare earth inclusions. The Al 2 O 3 inclusions were modified completely into extremely fine and dispersive distributed Ce 2 O 3 -Al 2 O 3 . And the precipitation of the separate, elongated MnS was prevented. This phenomenon of inclusions in different samples distributing in different ways can be explained by the wettability of the Table 7 : Calculated values of ΔG for experimental steels with different Ce contents at 1,873 K.
Formula of reactions
[%Ce] Table 8 : Calculated values of ΔG for eqs (12) and (14) at 1,873 K. 
The mechanism of heterogeneous nuclei of Ce additions
It has been pointed that crystal lattice fitting between metal and an inclusion of interest is one of the factors affecting the grain formation of metal on the inclusion [18] [19] [20] [21] [22] . To be an effective heterogeneous nucleation site during solidification, a particle must be solid when metal is freezing and there must be low planar disregistry (the degree of mismatch between the dimensions of the crystalline interfaces of particles providing the nucleus and the metal being nucleated). The smaller the mismatch, the better the nucleation. Bramfitt proposed a two-dimensional lattice disregistry mathematical model, which was in good agreement with the experimental results [23] . According to the theory proposed by Bramfitt, the inoculating agents are most effective if the mismatch is less than 6 %. The agents will be moderately effective if the mismatch is between 6 % and 12 %, and agents are almost not effective if the mismatch is more than 12 % in heterogeneous nucleation. From the thermodynamic calculated results, it has been demonstrated that Ce oxidessulfides exist in steel in the form of Ce 2 O 3 and Ce 3 S 4 before solidification of molten steel. These inclusions have higher melting points than experimental steels and lower mismatch with δ-Fe. Ce 3 S 4 has a cubic structure with a lattice parameter of 8.625 Å compared with the lattice parameter of cubic δ-Fe, which is 2.940 Å. Therefore, three δ-Fe unit cells correspond to 8.820 Å, i. e. almost no misfit with Ce 3 S 4 , which means Ce 3 S 4 can act as effective heterogeneous nucleation core for initial δ-Fe, and promote the refinement of solidification microstructure [19] . By dispersing different kinds of oxide inclusion particles into pure iron melt, Ohashi et al. calculated the lattice disregistry between dispersed inclusions and δ-Fe, primary phase to solidify, the lattice disregistry between the (0001) of Ce 2 O 3 and (111) of δ-Fe was 5.0 %, and that between the (0001) of Al 2 O 3 and (111) of δ-Fe was 16.1 %, larger than 12 %, which indicated that Ce 2 O 3 could act as the heterogeneous nuclei for initial δ-Fe whereas Al 2 O 3 could not [20] . Under the experimental conditions, all the heating, cooling and hot forged conditions were the same, thus it could be concluded that the finer solidification structures would lead to finer hot-forged structures, which were consistent with the results in Figure 3 .
Improvement mechanism of mechanical properties Tensile properties
Ce has strong deoxidization and desulfurization functions, which tend to decrease the content of sulfur and oxygen by combining them to form Ce 2 O 3 and Ce 3 S 4 , eliminate the formation of Al 2 O 3 clusters and suppress segregation of MnS at the grain boundaries, so the grain boundary is strengthened and the tensile strength is evidently improved. On the other hand, Ce 2 O 3 and Ce 3 S 4 can act as the heterogeneous nuclei of primary δ-Fe, hence the microstructure is significantly refined, which is also responsible for the improvement of tensile properties. The relationship between the yield stress and grain size, Hall-Petch relationship, is shown as follows:
This equation indicates that the yield strength of a metal (σ y ) is equal to the frictional stress for the motion of dislocation in grain (σ 0 ) plus a factor (k) times the inverse of the square root of the grain size (d). With the decrease of grain size, the area of grain boundaries increases, thus the resistance of grain boundaries to dislocation motion will increase greatly, leading to the enhancement of tensile strength. Furthermore, Ce atoms are able to slightly dissolve into the ferrite matrix, since the atomic radius of Ce is about 40 % larger than that of Fe, these Ce atoms will lead to the lattice distortion, hence increasing the resistance to dislocation motion, resulting in the improvement of tensile strength.
As shown in Table 3 , elongation and yield ratio both increase with the increasing Ce content. The improvement of elongation is attributed to two factors, the microstructure refinement and the grain boundary purification. The decreasing ferrite grain size would decrease the stress difference between grain interior and grain boundary, improve the deformation behavior to be more uniform, diminish the possibility of crack induced by stress concentration, so the plasticity of steel is improved. On the other hand, the segregation of Ce atoms at grain boundaries would suppress the segregation of sulfur and phosphorus, purify the grain boundaries and strengthen the grain boundaries, hence the steels could experience more extensive plastic deformation. In general, it can be said that the steel with higher yield ratio has the lower value of elongation. However, such statement may lead to a wrong conclusion since yield ratio is related to work hardening rate [24] . In the case of experimental steels, the reducing ferrite grain size will increase the ferrite strength, so the strength difference between the soft phase (ferrite) and the hard phase (pearlite) become smaller. Therefore, when the plastic deformation occurs in the ferrite grains, then the plastic deformation will take place in the pearlite soon, small amounts of pearlite could not be acted as hard phase to bear the stress concentration passed by the soft phase. So the hardening ability of experimental steels decreases, the yield ratio increases correspondingly.
Impact toughness and fracture behavior
The representative fractography of tested steels is shown in Figure 5 . It can be concluded from the fracture surface features that both impact samples represent a characteristic of ductile failure. But the surface ductile features of samples treated with Ce are more obvious than that of sample untreated with Ce. Figure 5 (a) exhibit a mixed mode of brittle and ductile fracture which is composed of flat cleavage facets and small amount of small and shallow dimples. From the Figure 5(b) and (c), it can be seen that the amount of small and shallow dimples on the fracture surfaces increases with increasing Ce content. In the Figure 5(d) , the dimples become bigger and deeper. The transition from small-shallow dimples to bigdeep dimples is considered to be attributed to the enhancement of impact toughness.
The total effect of RE on impact toughness has been known to stem from the combined action of several mechanisms. In this study, however, the increased impact toughness by Ce additions is considered as a result of grain refinement. As discussed above, Ce 2 O 3 and Ce 3 S 4 can act as the heterogeneous nuclei of primary δ-Fe, and the microstructure is significantly refined. The formation of finer ferrite grains by Ce additions from 0.0014 to 0.0025 % contribute to the improved impact toughness, which is because the finer ferrite grains with more grain boundaries work more effectively as obstacles to the cleavage crack propagation than the relatively coarse ferrite grains due to the frequent change of the crack propagation direction [25] .
Moreover, sulfides and oxide inclusions are also an important factor influencing the impact toughness of experimental steels. The additive Ce has purified the grain boundaries by eliminating the formation of Al 2 O 3 clusters and suppressing segregation of MnS at the grain boundaries. Therefore, the brittleness of the grain boundaries has been decreased, and crack hardly propagates along the boundaries. In experimental steels treated with Ce, Al 2 O 3 clusters and elongated MnS inclusions are replaced by spherical rare earth inclusions. Due to elongated inclusions in steel can give rise to a stress concentration at the tip of inclusions compared to spherical inclusions, this transformation of inclusions is beneficial to the enhancement of toughness. 
Conclusions
Different levels of Ce were added to separate low carbon high manganese steels, and the effects of Ce on the microstructures and mechanical properties of low carbon high manganese were examined based on the experimental observations and thermodynamic calculation. The results are summarized here.
(1) The molten steel was deeply purified by adding different contents of Ce in the melting process. Additions of 0-0.0025 % Ce to experimental steels resulted in 0.037-0.014 % retained sulfur after deoxidation and desulphurization reactions while oxygen was reduced from 140 ppm to 64 ppm. (2) With increasing Ce content of experimental steels, inclusions distributed more finely and uniformly.
The results of thermodynamic calculation showed that Ce contained inclusions were Ce 2 O 3 and Ce 3 S 4 , which was in accordance with the results observed by SEM and EDS. (3) By analysis of two-dimensional lattice disregistry, it was shown that Ce 2 O 3 and Ce 3 S 4 could effectively act as the heterogeneous nuclei of initial δ-Fe, therefore, the microstructure of experimental steels was remarkably refined. (4) The strength and toughness for modified experimental steels were larger than that for the unmodified experimental steels, which was mainly attributed to the microstructure refinement and the grain boundary purification.
